Background: Memory blockade is an essential component of the anesthetic state. However, postanesthesia memory deficits represent an undesirable and poorly understood adverse effect. Inhibitory ␣5 subunit-containing ␥-aminobutyric acid subtype A receptors (␣5GABA A ) are known to play a critical role in memory processes and are highly sensitive to positive modulation by anesthetics. We postulated that inhibiting the activity of ␣5GABA A receptors during isoflurane anesthesia would prevent memory deficits in the early postanesthesia period. Methods: Mice were pretreated with L-655,708, an ␣5GABA A receptor-selective inverse agonist, or vehicle. They were then exposed to isoflurane for 1 h (1.3%, or 1 minimum alveolar concentration, or air-oxygen control). Then, either 1 or 24 h later, mice were conditioned in fearassociated contextual and cued learning paradigms. In addition, the effect of L-655,708 on the immobilizing dose of isoflurane was studied. Motor coordination, sedation, anxiety, and the concentration of isoflurane in the brain at 5 min, 1 h, and 24 h after isoflurane were also examined. Results: Motor and sensory function recovered within minutes after termination of isoflurane administration. In contrast, a robust deficit in contextual fear memory persisted for at least 24 h. The ␣5GABA A receptor inverse agonist, L-655,708, completely prevented memory deficits without changing the immobilizing dose of isoflurane. Trace concentrations of isoflurane were measured in the brain 24 h after treatment. Conclusions: Memory deficits occurred long after the sedative, analgesic, and anxiolytic effects of isoflurane subsided. L-655,708 prevented memory deficit, suggesting that an isoflurane interaction at ␣5GABA A receptors contributes to memory impairment during the early postanesthesia period.
I T has been widely assumed that the neurodepressive effects of general anesthetics dissipate rapidly and that cognitive faculties promptly return to baseline once the anesthetic has been eliminated. However, observational studies of patients who have undergone cardiac and noncardiac procedures have shown that cognitive decline is present in 31-47% of patients at the time of hospital discharge and in 10% of patients at 3 months. [1] [2] [3] The highest incidence of memory impairment occurs in the early postanesthesia period. For example, 47% of elderly patients who underwent general anesthesia for minor surgical procedures exhibit memory deficits for at least 24 h. 4 Declarative or explicit memory (which refers to memory for facts, objects, places, and events) is particularly vulnerable. 1, 2, 5 The underlying mechanisms, severity, and time course for recovery of memory deficits in the early postanesthesia period remain poorly understood.
In clinical studies, it is not possible to disentangle the effects of anesthetics from other factors that impair memory, such as inflammation, analgesic drugs, and concurrent disease. 6, 7 Consequently, animal models are required to identify susceptible cognitive domains and the mechanisms underlying memory deficits after exposure to general anesthetics.
The hippocampus is required for several forms of explicit memory. The temporal stages of explicit memory strongly parallel the stages of synaptic plasticity in the hippocampus. 8 In addition, the acute memory-blocking effects of anesthetics parallel the inhibition of synaptic plasticity in the hippocampus. 9 The current study used a well-characterized behavioral model of hippocampus-dependent, fear-associated learning to study the mechanisms underlying short-and long-term memory deficits after exposure to inhaled anesthesia. Within the current context of the study, short-term memory refers to memory that lasts for minutes whereas long-term memory lasts for days.
Early and late forms of memory were studied because they are known to depend on different neurotransmitter receptors, intracellular signaling pathways, and regulators of gene expression. 8,10 -12 Specifically, short-term memory involves changes in the strength of preexisting synaptic connections and modulation of existing proteins. Long-term memory requires gene transcription, the production of new proteins, restructuring of synapses, and growth of new synaptic connections. 8 The goal of the current study was to determine whether brief exposure to a general anesthetic produces deficits in short-and long-term memory. We also sought to develop a pharmacological strategy to prevent memory deficits based on anesthetic interactions at a receptor that plays a central role in memory pathways.
Most anesthetics cause deficits in memory and synaptic plasticity, at least in part, by increasing the activity of inhibitory ␥-aminobutyric acid subtype A (GABA A ) receptors. 13 GABA A receptors are heteromeric complexes composed of multiple subunits (␣1-6, ␤1-3, ␥1-3, ␦, , , , 1-3). In particular, the activity of GABA A receptors, which contain the ␣5 subunit (␣5GABA A ) receptors, regulate synaptic plasticity and hippocampus-dependent memory. 6, 7, 14, 15 ␣5GABA A receptors set the threshold for the induction of plasticity in pyramidal neurons by attenuating excitatory input. 9 Memory blockade during anesthesia has been attributed, in part, to increased ␣5GABA A receptor activity. 9, 16, 17 In the current study, we first sought to characterize memory deficits in the postanesthesia period and determine whether such deficits were dissociated from impairment of motor function, anxiolysis, and nociception. Next, we tested the hypothesis that inhibiting ␣5GABA A -receptor activity during anesthesia prevents memory deficits in the early postanesthesia period. Specifically, we tested whether L-655,708, an inverse agonist with high selectivity for ␣5GABA A receptors, prevents memory deficits that occur after isoflurane anesthesia. 18 Short-(30 min after conditioning) and longterm (2 days after conditioning) memory were measured after 1 h of isoflurane exposure. Results showed that mice rapidly recovered motor coordination, locomotion, and nociception after exposure to isoflurane; however, a deficit in contextual fear memory that persisted for up to 24 h could be prevented by pretreatment with L-655,708.
Materials and Methods

Animals
Animal care and experimental protocols were approved by the University of Toronto Animal Care Committee (Toronto, Ontario,Canada) and conformed to guidelines set by the Canadian Council on Animal Care. Male and female adult (aged 8 -16 weeks) C57BL6/J mice (Charles River Laboratories, Saint-Constant, Quebec, Canada) were studied. The mice were housed five to a cage with free access to food and water. The temperature (22°C) and reverse light-dark cycle (lights on at 7:00 AM; lights off at 7:00 PM) of the room were controlled. To reduce variability in learning and memory performance, and to prevent acute stress reactions during conditioning, all mice were handled daily for 10 min for a minimum of 1 week before behavioral experiments were started. 19 The experimenters, who scored behavioral performance, were blinded to group assignments. To avoid subjecting the mice to multiple tests, different groups of mice were used to study motor coordination, nociception, core temperature during anesthesia, arterial blood gases, and the concentration of isoflurane in the brain. Anxiety levels were studied using the elevated plus maze (EPM) in same group of mice used to study fear conditioning.
Isoflurane Anesthesia
Mice selected at random received either L-655,708 (0.7 mg/kg in 10% dimethyl sulfoxide 2 l/g) or vehicle (10% dimethyl sulfoxide) by subcutaneous injection 10 min before exposure to isoflurane or vehicle gas. During isoflurane exposure, individual mice were placed in an airtight clear acrylic chamber (27 ϫ 10 ϫ 10 cm). The chamber was preflushed with a vehicle-gas mixture (30% oxygen [O 2 ] in air delivered at 1 l/min) that did, or did not, contain isoflurane. The desired concentration of isoflurane was set on the vaporizer as 1 minimum alveolar concentration (MAC) or 1.33% for C57BL6/J mice. 20 Isoflurane concentrations, oxygen, and carbon dioxide in the chamber were continuously analyzed with a commercial gas analyzer (Datex-Ohmeda [Canada], Inc., Mississauga, Ontario, Canada). To prevent hypothermia during anesthesia, the floor of the chamber was warmed with a heating blanket. During the recovery phase (after isoflurane or vehicle gas treatment), the mouse was taken from the gas chamber and placed in a second heated clear acrylic chamber for 45 min. The mouse was then either returned to its home cage and allowed to recover for 24 h (24-h groups) or taken to a holding cage in an adjacent room (1-h groups). For continuity, and to ensure that the experimenter who performed the fear-conditioning studies was blinded to group assignment, mice that were allowed to recover for 24 h were placed back in a heated chamber for 45 min before the behavioral experiments. Figure 1A and 1B summarize the time course of the experimental procedures.
The sample size selected for fear-associated memory studies was determined by an independent cohort of 14 mice (7 male, 7 female) that demonstrated a deficit in short-term contextual fear conditioning 24 h after exposure to isoflurane compared with oxygen-treated controls. In control animals, the mean freezing score was o ϭ 57.8% whereas the SD was o ϭ 23.0%. In mice treated with isoflurane and studied 24 h after the anesthetic was terminated, the freezing score was 1 ϭ 32.8% and the SD was 1 ϭ 20.8%. A sample size calculation, based on an ␣ value of 0.05, a 1-␤ value equal to 80%, and using a one-tailed test with an n of 10. The sample size was calculated using a formula where n ϭ (z 1Ϫ␣ ϩ z 1Ϫ␤ ) 2 
L-655,708 Effects on MAC
Mice selected at random received either L-655,708 (0.7 mg/ kg) or vehicle (10% dimethyl sulfoxide) by subcutaneous injection 10 min before exposure to isoflurane. The affinity of L-655,708 for ␣5GABA A receptors is 50-to 100-fold greater than its affinity for ␣1, ␣2, and ␣3 subunit receptors. 18 All available inverse agonists for ␣5GABA A receptors bind to other benzodiazepine-sensitive GABA A receptor subtypes, albeit at lower affinity, and modify receptor function at higher concentrations. The subtype selectivity of L-655,708 is attributed to a higher affinity for ␣5GABA A receptors because the efficacy of this compound is similar for other receptor subtypes to which it binds. 18 Consequently, to ascribe an effect of L-655,708 to ␣5GABA A receptors, a careful selection of the concentration is required. The concentrations of L-655,708 used in the current study were selected on the basis of in vivo binding data, pharmacokinetic analyses, and previous memory studies. We estimated that, at 30 min after injection, L-655,708 at 0.7 mg/kg, administered intraperitoneally, would result in 60 -70% occupancy of ␣5GABA A receptors in vivo with limited binding to ␣1, ␣2, and ␣3 subunit-containing GABA A receptors and no significant off-target behavioral effects, such as sedation and motor impairment. 21 The tail-clamp withdrawal assay was used to determine whether L-655,708 influenced the potency of isoflurane for prevention of a motor response to noxious stimulus. 22 After equilibration with 1.1% isoflurane, a hemostat was applied to the tail and the mouse was assessed for purposeful movement in response to the tail-clamp. The dose of isoflurane was adjusted by approximately 0.15%, up-or downward, depending on the response, and equilibrated for 15 min. This method was continued until the isoflurane concentrations that prevented and produced movement were determined. MAC value was calculated as the mean value of these two concentrations. Mice were treated in a heated chamber and the inspired concentration of isoflurane was continuously analyzed with a commercial gas analyzer (Datex-Ohmeda [Canada], Inc.). Data were examined using procedures described in Statistical Analysis.
Core Temperature during Anesthesia
Rectal temperature was studied in a separate group of mice to ensure that it did not drop substantially during isoflurane anesthesia. Mice were placed in an airtight clear acrylic chamber for administration of the anesthetic. Rectal probes were inserted after the mice lost their righting reflex. Rectal temperature was inserted to measure temperature between 5 min and 1 h. The rectal probe was not inserted before the 5-min mark to ensure that mice were adequately anesthetized and not discomforted. Two O 2 control groups were used (1-h recovery ϩ L-655,708; 1-h recovery ϩ vehicle). 10 min before fear conditioning, subjects were examined in the elevated plus maze (EPM). Subjects were tested for short-term memory (STM) and long-term memory (LTM) of the context and tone. (B) Control experiments: balance beam, tail flick (fire), blood gas (heart), and isoflurane brain quantification (brain, dorsal view) experiments were performed independently from learning and memory experiments.
Analysis of Blood Gases
Mice were anesthetized in a clear acrylic chamber that was flushed with isoflurane (1 MAC in 30% O 2 ) for either 5 min or 1 h, then placed in the supine position on a stereotactic frame. Isoflurane (1.0 MAC) was administered via a nose cone. A needle was carefully inserted into the heart and blood was extracted into a heparinized syringe. The collected blood was immediately placed on ice and transported to a blood gas analyzer (ABL 700 series; Radiometer, Copenhagen, Denmark).
Concentration of End-tidal Isoflurane during Recovery
Immediately after isoflurane anesthesia, several mice were transferred to a heated recovery chamber and a sampling catheter was positioned as close as possible to the snout of each mouse. The concentration of isoflurane in the expired gas was measured until it could no longer be detected (approximately 7 min).
Isoflurane Concentration in Brain Tissue
After a designated recovery time, mice were sacrificed by cervical dislocation. The brains were rapidly removed at room temperature and placed in a gas-tight syringe that contained microbeads coated with tetrafluoroethylene. The whole brain was immediately crushed with two strokes of the plunger and the syringe was then sealed. Isoflurane was measured using gas chromatography, as described previously. [23] [24] [25] This method uses headspace gas chromatography based on previous measurements of the gas-brain coefficient. The methods are similar to that described for measurement of inhaled anesthetics in blood. 26 
Fear-conditioning Studies
Testing of memory function was performed using two fearconditioning paradigms. These tests study the ability of mice to learn and remember an association between an aversive stimulus (foot shock) and nonaversive, or neutral, stimuli (environmental context vs. auditory cue). Different groups of mice were used to study associated fear conditioning at 1 h and 24 h after the end of isoflurane or vehicle treatment. Each mouse was introduced to the fear-conditioning chamber (Process Control Fear Conditioning Monitor 303410; Technical & Scientific Equipment Systems, Inc., Chesterfield, MO). The chamber (50 ϫ 15 ϫ 15 cm) was illuminated with an interior overhead light (50 lx) and was equipped with a stainless steel grid floor connected to a constant-current shock generator. Each mouse was allowed to explore the chamber for 3 min before presentation of a 2-Hz pulsating tone (80 dB, 3,600 Hz) that persisted for 30 s. The tone was followed immediately by a mild foot shock (0.7 mA for 0.5 s). The mouse was allowed to explore the chamber another 30 s after the shock to study postshock freezing. Assessment of learning and memory was performed by measuring the amount of time the mouse demonstrated "freezing behavior," defined as a completely immobile posture, except for respiratory efforts. Freezing was scored using Observer software (Noldus Information Technology, Wageningen, The Netherlands), by an experimenter who was blinded to group assignments. Before each new training session, the chamber was cleaned with 70% ethanol to mask and eliminate odors from the previous mouse. At the end of the experiment, the mouse was removed from the chamber and housed singly in a temporary cage located in a separate room until completion of the short-term memory testing, after which it was returned to its home cage.
Short-term memory for contextual learning was probed 30 min after training by reexposing mice to the same fearconditioning chamber for 3 min whereas long-term memory was studied 2 days later via conditioning chamber reexposure. Short-term memory for cued learning was determined 90 min after training by allowing the mice to explore a modified chamber scented with 5% acetic acid. The chamber contained a plastic floor and cardboard walls. After 3 min of chamber exploration, during which nonspecific freezing was measured, the same 2-Hz pulsating tone (80 dB, 3,600 Hz) was presented for 3 min. To study recall, freezing scores were measured during tone presentation. Long-term memory for cued learning was determined by introducing the mice into the modified chamber and presenting the tone 2 days after conditioning.
Elevated Plus Maze
Anxiety levels were studied using an EPM consisting of a clear acrylic apparatus in the shape of a cross (45 ϫ 7 cm with a central region of 7 ϫ 7 cm). Two opposing arms were enclosed with opaque white plastic walls (28 cm high, closed arms), whereas the other two opposing arms were left open (open arms). Ten minutes before the mice were placed in the fearconditioning chamber, they were observed for 5 min in the EPM. An observer blinded to group assignment recorded the position of each mouse on the maze using Observer software. The time spent in the center and in the open and closed arms were measured during 5 min. In addition, motor activity was quantified to study locomotion. A 5-min interval was granted between the EPM test and fear-conditioning training.
Tail Flick
Mice were held gently by the scruff and allowed free movement of the tail. The tip of the tail was inserted to approximately 1 cm depth into a beaker of water (49°C). Latency for the mouse to remove its tail from the water was recorded and used as an indication of nociception.
Balance Beam
To determine whether motor coordination was impaired 1 h after exposure to isoflurane, mice were selected at random and a double crossover study was undertaken using a separate group of mice. Mice were pretreated with isoflurane or vehicle for 1 h and then given 1 h to recover before experimentation on a balance beam. One hour after exposure to isoflurane or vehicle, the mice were placed on a wooden platform (15 ϫ 15 cm) elevated 40 cm from the ground and attached to an identical elevated platform by a wooden beam 2 cm in diameter and 1.2 m long. Indicators of motor coordination and mobility included the time necessary for mice to cross the beam spontaneously, and the number of times the hindfoot slipped off the beam. Average values of three repetitions were reported for each mouse. The mice were pretrained on the apparatus 1 day before the experiment.
Statistical Analysis
All statistics were carried out using Statistica (StatSoft, Inc., Tulsa, OK) software on a standard personal computer. Groups examined in the EPM and fear conditioning training were compared using a two-way ANOVA followed by post hoc Least Significant Difference (LSD) tests, using exposure to isoflurane and pretreatment with L-655,708 as the two factors. The remaining experiments were compared using one-way ANOVA followed by post hoc LSD tests, where the single factor was exposure to isoflurane, pretreatment with L-655,708, or recovery time after isoflurane anesthesia. Differences between groups were considered statistically significant at P Ͻ 0.05. All analyses were performed using twotailed tests. When testing for effects of isoflurane, comparisons were made against the oxygen-treated group. Differences are represented in the figures using asterisks. When testing for effects of L-655,708, comparisons were made against the corresponding vehicle-treated groups. These differences are represented in the figures using daggers.
The dose-response plot of MAC was fit by nonlinear regression analysis using SigmaPlot (Systat Software, Inc., San Jose, CA) to estimate the concentration that caused 50% of the maximum effect (EC 50 ): Y ϭ Control ϩ (I max Ϫ Control)/(1 ϩ 10 ((Log EC 50 ϪX) ⅐ Hill slope) ), where Y is the response, I max is the maximum response, and X is the logarithm of the concentration.
Results
Mice were pretreated with L-655,708 or vehicle then exposed to isoflurane (1 MAC or vehicle) for 1 h. After a 1-or 24-h recovery period, mice were trained to associate a foot shock with the context of a chamber (contextual fear learning) and an audible tone that was presented immediately before the shock (cued-fear conditioning).
Short-and Long-term Memory after Isoflurane
Short-term memory for contextual learning was studied by reintroducing the mice to the training chamber 30 min after conditioning. Those trained 1 h after isoflurane exhibited a memory deficit evidenced by lower mean Ϯ SEM freezing scores compared with oxygen-treated controls (54.6 Ϯ 5.9%, n ϭ 11 vs. 82.8 Ϯ 4.31%, n ϭ 12; P ϭ 0.003; fig. 2A ). Mice trained 24 h after isoflurane also exhibited lower freezing scores compared with controls (51.6 Ϯ 8.0%, n ϭ 12; P ϭ 0.0008; fig. 2A ). Thus, a short-term contextual memory deficit after isoflurane persists for at least 24 h.
The use of L-655,708 completely reversed short-term memory deficit for contextual learning. Freezing scores at 1 and 24 h after isoflurane (75.5 Ϯ 8.6%, n ϭ 9; P ϭ 0.04; 81.9 Ϯ 5.6%, n ϭ 12; P ϭ 0.001, respectively; fig. 2A ) were similar to oxygen-treated control mice. It is important to note that L-655,708 had no effect on freezing in the oxygentreated mice, suggesting that a generalized enhancement of memory does not account for prevention of the postisoflurane memory deficits ( fig. 2A ). Post hoc analysis revealed a main effect of isoflurane (F 2,61 ϭ 3.9, P ϭ 0.03), L-655,708 (F 1,61 ϭ 9.2, P ϭ 0.004), and their interaction (F 2,61 ϭ 3.6, P ϭ 0.03), whereas L-655,708 had no effect on oxygentreated mice (80.1 Ϯ 6.4%, n ϭ 11; P ϭ 0.76; fig. 2A ).
Short-term memory of the auditory tone was studied by placing mice in a novel context and reintroducing the audible tone 90 min after conditioning. Mice trained 1 h after isoflurane had lower freezing scores relative to oxygen-treated controls (35.7 Ϯ 6.43%, n ϭ 11 vs. 68.9 Ϯ 8.3%, n ϭ 12; P ϭ 0.002; fig. 2B ). These results are consistent with a deficit in short-term memory for cued learning. Mice trained 24 h after isoflurane exhibited no significant memory deficit to auditory tone (49.1 ϩ 8.8%, n ϭ 12, P ϭ 0.08; fig. 2B ). L-655,708 prevented short-term memory deficit to the tone in mice trained 1 h 
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after isoflurane (49.1 ϩ 8.8%, n ϭ 12; P ϭ 0.03, fig. 2B ), but it had no effect on auditory recall in mice conditioned 24 h after exposure to isoflurane. Analysis of cued memory at 90 min revealed a main effect of isoflurane (F 2,61 ϭ 4.9, P ϭ 0.01) and L-655,708 (F 1,61 ϭ 5.4, P ϭ 0.02), but not for the interaction (F 2,61 ϭ 0.8, P ϭ 0.5).
Long-term memory for contextual learning after isoflurane was studied by reintroducing the mice to the fear-conditioning chamber 2 days after training. Mice trained 1 h after isoflurane showed lower freezing scores than oxygentreated controls (36.4 Ϯ 26.9%, n ϭ 11; vs. 63. 7 Ϯ 6.5%, n ϭ 12; P ϭ 0.02; fig. 2C ). This memory deficit was completely reversed by pretreatment with L-655,708 (72.3 Ϯ 4.9%, n ϭ 9; P ϭ 0.004, fig. 2C ). Among mice trained 24 h after exposure to isoflurane, memory was significantly improved by L-655,708 compared with vehicletreated controls (75.2 Ϯ 8.3%, n ϭ 12; P ϭ 0.02). However, mice trained 24 h after isoflurane revealed only a trend toward lower freezing scores compared with airoxygen controls (48.9 Ϯ 8.6%, n ϭ 12; P ϭ 0.18). Analysis revealed a main effect of L-655,708 (F 1,61 ϭ 9.6, P ϭ 0.003), but not of isoflurane (F 2,61 ϭ 1.0, P ϭ 0.4) or the interaction (F 2,61 ϭ 2.1, P ϭ 0.1).
Long-term memory for the auditory tone was studied 2 days after fear conditioning. Long-term memory was reduced in mice trained 1 h after isoflurane exposure (21.8 Ϯ 23.1%, n ϭ 11 vs. 49.5 Ϯ 6.8%, n ϭ 12; P ϭ 0.02). Mice trained 24 h after isoflurane showed no significant reduction in freezing scores (41.2 Ϯ 31.2%, n ϭ 12; P ϭ 0.48; fig.  2D ). L-655,708 did not reverse the long-term deficit in cued fear conditioning in the mice trained 1 h after isoflurane exposure (41.7 Ϯ 7.3%, n ϭ 9; P ϭ 0.13).
L-655,708 Effects on MAC and Hypnosis
It is possible that L-655,708 modified other components of the anesthetic state during isoflurane anesthesia, including immobility and sedation. However, the tail-clamp assay showed that L-655,708 did not change the MAC value for isoflurane ( fig. 3 ). The immobilizing dose of isoflurane was similar in mice treated with L-655,708 (1.33 Ϯ 0.02, n ϭ 17) or vehicle (1.33 Ϯ 0.02, n ϭ 17, P Ͼ 0.05). In addition, there was no significant difference in the time to self-right after the immobilizing dose of isoflurane was administered (vehicle: 153 Ϯ 26 s, L-655,708: 151 Ϯ 27 s; n ϭ 9 for both groups, P Ͼ 0.05). Thus, L-655,708 did not modify the "depth of anesthesia" as indicated by the immobilizing dose of isoflurane or the latency to recovery of the righting reflex after isoflurane exposure.
L-655,708 Does Not Alter Baseline Freezing Scores
The reduction in freezing scores observed 24 h after isoflurane was not associated with residual sedation or deficits in locomotion, as evidenced by the lack of change in baseline freezing scores. Baseline freezing scores, measured during the training phase immediately before tone presentation, were identical to those of controls studied 1 h after oxygen alone (n ϭ 12; fig. 4A , Context), 1 h after isoflurane (n ϭ 11, P ϭ 1.0), and 24 h after isoflurane (n ϭ 12; P ϭ 1.0). No main effects were detected (isoflurane: F 2,61 ϭ 0.8, P ϭ 0.4; L-655,708: F 1.61 ϭ 3.2, P ϭ 0.08; isoflurane ϫ L-655,708: F 2,61 ϭ 0.8, P ϭ 0.4). It is also notable that L-655,708 significantly increased freezing to context during training in oxygen-treated controls (n ϭ 11; P ϭ 1.0), 1 h after isoflu- rane (n ϭ 9; P ϭ 0.11), and 24 h after isoflurane (n ϭ 12; P ϭ 0.15). Likewise, baseline freezing scores to the tone, measured during the training phase immediately before shock delivery, were not significantly different in oxygentreated controls (n ϭ 12; fig. 4A , Tone), 1-h isoflurane group (n ϭ 11; P ϭ 0.4), or the 24-h isoflurane group (n ϭ 12; P ϭ 1.0). In addition, L-655,708 alone did not alter baseline motor activity; no change in freezing to the yet-unpaired tone was shown in oxygen-treated controls (n ϭ 11; P ϭ 0.4), at 1 h after isoflurane (n ϭ 9; P ϭ 0.4), or at 24 h after isoflurane (n ϭ 12; P ϭ 0.12). In addition, freezing scores measured immediately after foot shock presentation did not differ among oxygen-treated subjects (n ϭ 12; fig. 4A , Aftershock), subjects given 1 h to recover from isoflurane anesthesia (n ϭ 11; P ϭ 0.79), or subjects given 24 h to recover after isoflurane anesthesia.
Equally important, L-655,708 did not affect postshock freezing in the oxygen group (n ϭ 12; P ϭ 0.8), 1-h isoflurane group (n ϭ 11; P ϭ 0.74), or 24-h isoflurane group (n ϭ 12; P ϭ 0.4), indicating that the ability of mice to sense noxious stimulus was unaltered. Finally, isoflurane and L-655,708 did not promote nonspecific freezing, as no differences in freezing to the modified context at 90 min were detected (isoflurane: F 2,60 ϭ 3.7, P ϭ 0.03; L-655,708: F 1.60 ϭ 1.7, P ϭ 0.2; isoflurane ϫ L-655,708: F 2,60 ϭ 0.9, P ϭ 0.4) among the three groups injected with vehicle (oxygen-treated, n ϭ 12; 1-h isoflurane, n ϭ 11; P ϭ 0.06; 24-h isoflurane, n ϭ 12; P ϭ 0.09; fig. 4B ) or L-655,708 (oxygentreated, n ϭ 11; P ϭ 0.8; 1-h isoflurane, n ϭ 9; P ϭ 0.9; 24-h isoflurane, n ϭ 12; P ϭ 0.06). Likewise, no differences in freezing to the modified context after 2 days were detected (isoflurane: F 2,61 ϭ 2.6, P ϭ 0.08; L-655,708: F 1.61 ϭ 0.2, P ϭ 0.7; isoflurane ϫ L-655,708: F 2,61 ϭ 1.4, P ϭ 0.3) among the three groups injected with vehicle (oxygentreated, n ϭ 12; 1-h isoflurane, n ϭ 11, P ϭ 0.7; 24-h isoflurane, n ϭ 12; P ϭ 0.07) or L-655,708 (oxygen-treated, n ϭ 11; P ϭ 0.7; 1-h isoflurane, n ϭ 9; P ϭ 0.6; 24-h isoflurane, n ϭ 12; P ϭ 0.1).
Anxiety in Isoflurane-treated Mice
General anesthetics modify a variety of behavioral endpoints that could confound studies of fear memory, including anxiety, motor coordination, and nociception. Therefore, additional control experiments were performed to determine whether these behavioral endpoints were modified 1 and 24 h after anesthesia. To measure anxiety, an EPM trial was performed 10 min before fear-conditioning training. In this task, performance was similar among all groups, indicating that anxiety was not affected. For example, with regard to time spent in closed arms data were as follows: isoflurane: ), suggesting that the sedative effects of isoflurane did not confounded memory studies. Although we observed a decrease in time spent in the open arm for mice given 24 h to recover from isoflurane and pretreated with L-655,708, there was no associated change in the amount of time spent in the closed arms or a reduction in the total number of crossings. Moreover, because neither isoflurane nor L-655,708 alone had any effect on anxiety, and, in combination, they had no effect when mice we allowed to recover from isoflurane for 1 h before experimentation, differences in anxiety cannot account for the observed isoflurane-induced memory impairment and prevention by L-655,708.
Motor Performance and Nociception in Isofluranetreated Mice
In a separate group of mice, motor coordination and agility were studied with a balance beam test 1 h after exposure to isoflurane or vehicle. No differences in crossing times (vehicle: n ϭ 12, isoflurane: n ϭ 12; F 1,22 ϭ 0.1, P ϭ 0.70; fig.  5D ) or the number of foot slips (vehicle: n ϭ 12, isoflurane: n ϭ 12; F 1,22 ϭ 0.004, P ϭ 0.84; fig. 5E ) were observed between study groups.
Nonassociative fear learning is correlated with the intensity of the electric shock. 27 therefore, it was important to ensure that all groups perceived the same strength of stimulus. Thus, nociception was studied in a separate group of mice using the tail flick assay 1 h after exposure to isoflurane or vehicle. No differences were detected in the latency to tail flick (vehicle: n ϭ 12, isoflurane: n ϭ 12; F 1,22 ϭ 0.007, P ϭ 0.94; fig. 5F ), a result consistent with the observation that all groups had similar freezing scores after receiving foot shock.
Blood Gas Analysis
Because inhaled anesthetics depress respiration, one could argue hypoxic brain injury contributed to deficits in hippocampus-dependent memory performance in the experimental paradigm. To ensure that hypoxia was not a contributing factor, arterial blood gases were analyzed in separate groups of mice 5 min and 1 h after isoflurane anesthesia (1 MAC in 30% O 2 ). Hypoxia did not occur (table 1) . In addition, similar values for pH, concentration of bicarbonate, and partial pressure of carbon dioxide and oxygen were obtained (table 1) .
Isoflurane Concentration in the Brain 1 and 24 h after Anesthesia
The true clearance rate of isoflurane from the mammalian brain remains unknown. At least two rates of clearance have been observed, including one for clearance from the blood and the other for clearance from tissues, particularly individuals with high fat content. 28 Isoflurane concentrations have not been previously measured in mice 24 h after treatment and are commonly assumed to be negligible. Thus, we measured the concentration of isoflurane in the brains of mice 1 and 24 h after isoflurane anesthesia using gas chromatography. In addition, as a positive control, the concentration of isoflurane in the brain was measured 5 min after treatment. The isoflurane concentration in the brain was several times higher at 5 min after treatment than at 1 h after treatment as predicted (5 min: 0.814 Ϯ 0.194%, n ϭ 4; 1 h: 0.034 Ϯ 0.012%, n ϭ 6; P ϭ 0.0007; fig. 6A) . Surprisingly, at 24 h, residual concentrations of isoflurane were detected in five of six brains (0.0095 Ϯ 0.0006%, n ϭ 6; P ϭ 0.0005). Of these five brains, two showed higher concentrations (0.0222, 0.0311%) than the other three (0.0006, 0.0012, and 0.0019%). One brain had zero detectable isoflurane. Likewise, no isoflurane was detected in the brains of mice exposed to vehicle alone (n ϭ 4). The limit of isoflurane detection is approximately 0.0001%. The concentration of isoflurane in expired gas, measured immediately after the mice were removed from the chamber, decreased to an undetectable level within 7 min ( fig. 6B ). Not surprisingly, the ability to detect isoflurane in the expired gas failed to correlate with the detection of isoflurane in the brain, suggesting the existence of separate rates of clearance.
Core Temperature
Rectal temperature was 37.8 Ϯ 0.4°C 5 min after introducing the mice to the anesthetic chamber; 37.8 Ϯ 0.4°C, 1 h after induction (n ϭ 6 per group; F 1,10 ϭ 0.02, P ϭ 1.0). The corresponding chamber temperatures were 33.6 Ϯ 0.4°C and 33.4 Ϯ 0.5°C, respectively (n ϭ 6 per group, F 1,10 ϭ 0.06, P ϭ 0.8).
Discussion
The current study demonstrates a robust memory deficit for hippocampus-dependent learning that persists for at least 24 h after a relatively brief exposure to isoflurane anesthesia in healthy adult mice. Memory impairment was dissociated from other residual effects of isoflurane, including analgesia, sedation, anxiolysis, and motor impairment. Pretreatment with L-665,708 prevented deficits in short-and long-term memory for contextual learning without altering baseline memory behavior or motor scores. Gas chromatographic analysis revealed undetectable or trace concentrations of isoflurane 24 h after anesthesia.
The detection of residual brain concentrations of isoflurane 24 h after anesthesia was unexpected because this time interval is generally considered sufficient to avoid the confounding effects of residual anesthetic on neurobehavioral performance. 29 Isoflurane undergoes minimal biodegradation (less than 0.2% is metabolized) and nearly 100% of isoflurane can be recovered in expired gas. 30 The presence of trace levels of isoflurane raises the possibility that a direct effect of isoflurane on neuronal networks causes postanesthesia memory deficits. However, the best available evidence from previous studies indicates that much higher concentrations of isoflurane are required to block fear-conditioned memory. 31, 32 Isoflurane concentrations as high as 0.6% are required to impair the freezing response when administered during contextual fear learning. 31 In addition, threshold concentrations of four commonly used anesthetics that impaired memory performance in rats during fear conditioning were 0.2% for isoflurane, 0.3% for sevoflurane, 0.3% for halothane, and 0.44% for desflurane. 32 Isoflurane concentrations measured in the current study at 24 h after anesthesia were orders of magnitude lower than those shown to impair memory directly. Consequently, the isoflurane detected at 24 h most likely represent an incidental finding rather than the direct cause of memory impairment. Instead, postanesthesia memory deficits more likely result from yet-to-be identified processes initiated during exposure to high, "anesthetic" drug doses. An alternative hypothesis is that the initial exposure to a high concentration of isoflurane (1 MAC) preconditioned or primed the neuronal circuitry, rendering it sensitive to trace concentrations of isoflurane in the postanesthesia period. These hypotheses cannot be resolved with the current data and are worthy of future study. L-655,708 prevented memory impairment without altering performance in oxygen-treated controls. Inverse agonists, including L-655,708, have a negative and opposite effect to that of classic agonists (e.g., midazolam). Inverse agonists decrease channel opening whereas benzodiazepine agonists enhance channel opening. 21, 33 The dose of L-665,708 used in the present study was carefully selected to preferentially inhibit ␣5GABA A receptors. In vitro electrophysiological and biochemical studies have confirmed that L-655,708 has a preference for ␣5GABA A receptors that is 107-, 61-, and 54-fold greater than GABA A receptors containing the ␣1, ␣2, and ␣3 subunits, respectively. 18 In addition, L-655,708, preferentially inhibits ␣5GABA A receptor-mediated currents in the hippocampus. 34 L-655,708, administered intraperitoneally at a dose of 1 mg/kg has previously been shown to yield 64% receptor occupancy of the ␣5GABA A receptor, but only 18% occupancy of ␣1, ␣2, and ␣3 subunit-containing GABA A receptors. 33 L-665,708 rapidly achieves its rapid peak dose (t ϭ 0.25 h) 21 and has a relatively short half-life (0.5 h), despite a low plasma clearance rate (19 ml/kg in a rat model). After subcutaneous injection, concentrations in the brain mimic those in the plasma, indicating no tendency for L-655,708 to remain in the brain. 21 Thus, we assumed that L-655,705 was cleared 24 h after administration. L-655,708 likely prevents GABA A receptor activation during initial isoflurane exposure. Consistent with this notion are the results of a previous study that showed L-655,708 acts on ␣5GABA A receptors to prevent memory blockade by etomidate. 9 The memory-protective effect of L-655,708 is attributed to reduced ␣5GABA A receptor activity, although effects on other GABA A receptor subtypes cannot be entirely ruled out.
Fear-conditioning studies offer temporal resolution that can distinguish between short-and long-term memory. 35 In our study, short-term memory was more strongly affected by pretreatment with isoflurane than long-term memory, particularly when subjects were allowed 24 h to recover from anesthesia before fear-conditioning training. These results are interesting, given that the mechanisms involved in shortand long-term memory are increasingly understood as molecularly distinct processes. 12, [35] [36] [37] [38] [39] Persistent memory-impairing effects of isoflurane may be mediated by alterations in the early phases of plasticity-in line with recent evidence from mouse slice preparations. 9 Isoflurane blocks the induction phase of long-term potentiation, an effect that can be reversed by inhibiting GABA A receptors with the competitive antagonist bicuculline. 40 Likewise, increased activity of ␣5GABA A receptors by etomidate prevents the induction of long-term potentiation in the hippocampus, an effect that can be reversed by L-655,708. 9 Long-term memory is strongly correlated with the maintenance of long-term potentiation and protein synthesis processes that underlie long-lasting plasticity. 41 The behavioral data presented in this study suggest the underlying mechanisms of long-term memory may be less liable to isoflurane anesthesia. Still, inhaled anesthetics are known to modify immediate-early gene transcription in response to early learning events. 32, 42 Whether L-655,708 reverses the effects of isoflurane on synaptic plasticity and protein translation remains to be determined.
There are several potential limitations to the current study. There is a possibility that an unknown fraction of isoflurane was lost from the brain during transfer to closed tetrafluoroethylene syringes. However, others have used similar methods to measure and compare isoflurane concentrations in the brain and blood of rabbits. 25 Two rates of clearance for inhaled anesthetics have been observed, one from blood and the other from tissue, especially among those with high fat content. 28 After 270 min of elimination after isoflurane (1.3% for 90 min), 96% of the isoflurane had left the brain. 28 Furthermore, the blood and brain results were comparable after 30 and 90 min and indicated that negligible amounts of anesthetic were lost from brain samples. 28 Thus, we expect that the concentrations of isoflurane measured in the current study accurately reflect brain concentrations.
It should be noted that the choice of post hoc statistical testing may affect data interpretation. The LSD post hoc test was used in this study; however, after a statistical evaluation, the data were reanalyzed with the more conservative Tukey Honestly Significant Difference (HSD) test for unequal sample sizes. Results of the LSD and HSD post hoc analyses were compared. The LSD test revealed certain significant differences that were not detected with the HSD test. For example, although the LSD post hoc test detected significant long-term memory deficits in mice that were fear conditioned 1 h after isoflurane anesthesia (P ϭ 0.02), the HSD test did not reveal this difference (P ϭ 0.17). Although changes cannot be made to predetermined statistical methods after examination of the data, because the results of the LSD test and the more conservative HSD post hoc test differed, exact P values have been reported throughout the manuscript.
Postanesthesia memory deficits among human and animal subjects likely differ in time course and severity. This difference is partly the result of allometric scaling and pharmacokinetics. Indeed, mice ambulate within minutes after terminating the anesthetic, suggesting a more rapid recovery time compared with humans. In addition, the management of anesthesia in clinical practice and animal studies differs in terms of monitoring, the impact of noxious stimuli, and the strict management of hemodynamic and biochemical parameters. 43 Surgery and inflammation could exacerbate the severity or extend the time course of anesthesia-related memory deficits. 44 The current results should prompt clinical studies to determine the incidence, severity, and functional impact of memory deficits in the early-postanesthesia period.
Among elderly patients, the incidence of postoperative cognitive dysfunction 24 h after sevoflurane anesthesia for minor surgery has been estimated to be as high as 47%. 4 In addition, patients who undergo isoflurane or propofol anesthesia for interventional neuroradiological procedures have shown memory decline for up to 24 h relative to their preoperative performance. 45 The functional consequence of such deficits is unknown but may have practical significance. Patients may need to have explicit recall for important information or undertake cognitively demanding tasks soon after their procedures. In particular, patients who undergo only brief diagnostic or surgical procedures typically expect to recover their baseline level of memory the day after anesthesia. Because inhibiting ␣5GABA A receptors could promote intraoperative awareness, it is of interest to determine whether inverse agonists can treat-as well as preventmemory deficits in the early postanesthesia period. Older generations of nonselective inverse agonists such as the ␤-carboline, methyl-6,7-dimethoxy-4-ethyl-␤ -carboline-3-carboxylate, and FG 7142 (ZK-31906) improve memory performance; however, these agents have epileptogenic and anxiogenic properties. 46 L-655,708 and orally administered, selective inverse agonists selective for the ␣5GABA A receptor were not convulsant, proconvulsant, or anxiogenic in animal studies. 33, 47 In human volunteers, pretreatment with an inverse agonist for ␣5GABA A receptors, ␣5⌱〈, reversed memory impairment for word-list learning after the ingestion of ethanol. [47] [48] [49] [50] Animal studies are currently underway to determine whether the administration of L-655,708 after anesthesia and fear conditioning can rescue, as well as prevent, memory deficits in the early postanesthesia period.
